The conversion of hexagonal calcium aluminate hydrates to cubic phases in hydrated calcium aluminate cements (CAC) can involve undesirable porosity changes and loss of strength.
Introduction
Calcium aluminate cements (CAC) are well known for their rapid hardening, early strength development, resistance to chemical attack [1] , and low pore solution pH relative to Portland cement [2] . These properties have made them suitable for use in several key applications [3] , including as a biomaterial for bone and dental repairs [4] , refractory concretes [5, 6] , specialised mortars for structural applications [1] , carbonation resistant geothermal well applications [7] , and more recently immobilisation of metallic radioactive wastes [8] [9] [10] [11] and toxic metal solutions [12] .
During the hydration of monocalcium aluminate (CaAl 2 O 4 , abbreviated CA * ), which is the main reactive phase within CAC, the precipitation of a poorly crystalline gel phase [1] , and hexagonal and cubic calcium aluminate hydrate phases, have been observed [5] . Depending on the duration and temperature of curing, the metastable hexagonal phases (CAH 10 and C 2 AH 8 ) undergo a conversion process whereby they dissolve and re-precipitate as the stable cubic hydrogarnet (C 3 AH 6 ), along with gibbsite and/or disordered aluminium hydroxide (AH 3 ). As a consequence of the differences in densities between the metastable and stable hydrate phases, this conversion can result in a significant loss of solid volume fraction within the hardened material, leading to a dramatic reduction in the loading capacity, and sometimes loss of mechanical integrity of the monolith [1] . Conversion is one of the main limiting factors of the widespread use of these * This paper uses standard cement chemistry abbreviations, where CaO is represented as C; Al 2 O 3 as A; SiO 2 as S; H 2 O as H; P 2 O 5 as P. Structural formulae for non-stochiometric products are written in hyphenated form; i.e., C-A-H represents a non-stoichiometric (and structurally disordered) calcium aluminate hydrate, and analogously for silicate-and phosphate-containing products.
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Official journal version is online at http://dx.doi.org / 10.1016/j.cemconres.2015.01.007 materials in construction; there have been several disastrous structural failures of CAC concretes in the past, which have led to prohibition of the use of CAC in structural elements in many countries [13] .
Modification of CACs with the goal of avoiding the conversion of hexagonal to cubic hydrates, through the direct precipitation of stable hydrates, has thus been the focus of a number of studies over the past decades. Chemical modification of CAC has been conducted using highly alkaline solutions, including sodium hydroxide and sodium silicates [14] favouring the direct precipitation of C 3 AH 6 or Si-substituted katoite as main reaction products respectively, hence avoiding the porosity development associated with the conversion of the intermediate metastable phases. Inclusion of supplementary siliceous cementitious materials (silica fume [15, 16] , fly ash [15, 17] , blast furnace slag [18] ) has also been demonstrated to be an effective pathway to limit deleterious conversion, through promoting the formation of secondary products such as strätlingite (C 2 ASH 8 ) and calcium silicate hydrate (C-S-H).
The addition of phosphate compounds to CAC [8, [19] [20] [21] [22] has been shown to be an effective route to avoid the conventional hydration of the CAC system and increase both the loading capacity and flexural strength, as it modifies the phase assemblage hydrated CAC and favours the precipitation of a poorly crystalline binder phase; however, the mechanism of reaction and chemistry of the reaction products forming in these systems are not yet well understood. Early studies conducted by Sugama et al. [21] suggested that the mechanism of reaction in ammonium phosphate-modified CAC takes place via an acid-base reaction, between the acidic phosphate solution and the basic calcium aluminate cement. This system has been reported to favour the In the case of CAC blended with sodium monophosphate (NaH 2 PO 4 ) and sodium polyphosphate ((NaPO 3 ) n ), the phase identification is still under discussion: formation of a sodium calcium orthophosphate hydrate (NaCaPO 4 •xH 2 O) and alumina gel was originally proposed [20] , while later work suggested instead the formation of a calcium hydrogen phosphate hydrate (Ca(HPO 4 )•xH 2 O) and a hydrated alumina gel [24] . More recently, Swift et al. [8] , investigating the effect of different phosphates with varying chain lengths on the hydration of CAC, concluded that the binder phase forming in this modified system was likely to be an amorphous calcium phosphate, along with alumina gel, similar to that proposed by Sugama et al. [24] . Conversely, Ma and Brown [22, 25] reported the formation of a calcium aluminate phosphate hydrate (C-A-P-H) in their study of the effect of various sodium phosphates upon the hydration of CAC.
These clear discrepancies in the existing literature elucidate that there is not a good current understanding of the chemistry or mechanism of formation of the key binding phases in phosphate-modified CAC.
Solid-state nuclear magnetic resonance (NMR) spectroscopy has been used successfully in studying complex cement hydration processes due to its sensitivity to disordered as well as crystalline phases [26] , including in the analysis of CACs [27] [28] [29] . Magic angle spinning (MAS) NMR spectroscopy has in particular been widely used to probe local environments of aluminium and silicon nuclei in cements. Nuclei such as 31 P have not been exploited to the same extent in the context of cement chemistry, despite favourable NMR properties; notable investigations appear in the field of biocompatible dental cements [30, 31] and the study of Portland cement [32] . For the phosphate-modified CAC systems studied here, 31 P is a key nucleus which has not previously been examined through the use of advanced NMR techniques.
Therefore, in this study we seek to better understand the phase chemistry in phosphate-modified calcium aluminate cements, specifically utilising solid-state NMR to characterise the poorlyunderstood amorphous binding phase and gain further insight into its formation. The phase assemblages formed in unmodified CAC, and CAC with sodium phosphate modification, are assessed using X-ray diffractometry, thermogravimetric analysis, and local environments are probed through solid state NMR spectroscopic techniques including 27 Al MAS, 31 
Materials and methods

Materials
CAC supplied by Kerneos under the trade-name Secar 51 was used in this study as the primary precursor, and the oxide composition quantified by X-ray fluorescence analysis is shown in Table 1 . Reagent grade sodium polyphosphate ((NaPO 3 ) n , 97%, Acros Organics), comprising mainly long chains with a minor quantity of cyclic and cross linked phosphate [33] , was also used. 
Sample synthesis and testing procedures
Cement pastes were formulated with a water to cement ratio of 0.35, and a sodium polyphosphate to cement ratio of 0.4, defined on a mass basis. In addition, neat CAC pastes with the same water to cement ratio were prepared. The phosphate content was selected based on previous work [34] where this ratio of 0.4 was shown to hinder crystallisation of conventional CAC hydrates which are prone to conversion. Prior to the preparation of the paste, the solid sodium polyphosphate was mixed with distilled water on a roller mixer for 24 h at room temperature to ensure complete dissolution. The phosphate solutions were then added to the CAC clinker and hand mixed for 30 s, followed by 120 s of high shear mixing with a Silverson L4RT mixer at 2500 rpm. Samples were cast in centrifuge tubes, sealed and kept at a temperature of 20°C and 100% relative humidity for 7, 180 and 360 days.
Compressive strength measurements were carried out on a Zwick Roell testing instrument using demoulded samples and tested after the required curing period. Cylindrical samples were cut to an aspect ratio of 2 and a diameter of 14 mm, and tested to failure. Compressive strength was calculated as the force per unit area at the maximum load applied to the sample. Specimens were tested in triplicate, and specimen ends were polished to give flat faces perpendicular to the axis of the cylinders. For study by other analytical techniques, hydration reactions were arrested by demoulding, crushing the samples to sub-cm 3 sized pieces, and immersing in acetone. Samples were removed from the acetone after 24 h and dried at room temperature under atmospheric conditions (21°C), followed by storage in a vacuum desiccator until analysis. Samples were finely ground to less than 63 µm and then subjected to the following analyses:
• X-ray diffractograms were obtained using a Siemens D5000 diffractometer with a copper source, scanning in the 2 range 5°-55° with a step size of 0.02° and at a rate of 1°/min.
• Thermogravimetric analysis was performed on a PerkinElmer Pyris 1 instrument, in an alumina crucible, heating from room temperature to 1000°C at a rate of 10°C/min, under a flowing nitrogen atmosphere.
• All NMR experiments were performed on a Varian VNMRS 400 spectrometer (9.4 T), using a CP/MAS probe with 4 mm o.d. zirconia (PSZ) rotors, and pulse sequences as shown in Figure 1 .
A. 27 Al MAS NMR spectra were collected at 104.199 MHz and spinning speed 14.0 kHz (without proton decoupling), using a pulse delay of 0.2 s, a pulse width of Figure 1B ). MAS spectra were acquired using a 90° pulse of duration 3.8 µs, C.
31
P/ 27 Al REAPDOR spectra were acquired at a spin rate of 10 kHz with a 60 s recycle delay, according to the pulse sequence shown in Figure 1C . The diffractograms of the phosphate-modified CAC ( Figure 2B ) show no reflections for either the conventional hydrate products observed in hydrated CAC (Figure 2A ) or any crystalline phases other than the anhydrous clinker phases, whose intensity reduces only slightly as a function of curing time. The only new feature observed is a broad diffuse scattering peak, centred at 30° 2θ, in all the polyphosphate modified samples, indicating that the precipitation of a phase with limited long-range order is occurring. The phosphate modification is altering the hydration pathway, avoiding conventional CAC hydrate precipitation and mitigating any potential issues surrounding conversion throughout the curing period considered in this study.
Results and Discussion
X-ray diffractometry (XRD)
Thermogravimetry
The mass loss of CAC samples as a function of the sample temperature is shown in Figure 3 , along with the data for the CAC clinker and the sodium polyphosphate, which are largely featureless and demonstrate that only the hydrate products contribute to the mass loss of the binders. The conventional CAC hydrates exhibit characteristic weight losses during heating as a result of dehydration reactions. The unmodified CAC sample hydrated for 7 days shows two regions of weight loss. The lower temperature exhibits a primary weight loss at 90°C with a secondary shoulder at 132°C, which indicate the presence of CAH 10 and C 2 AH 8 respectively [35] , consistent with the phases observed by XRD. A relatively wide range of dehydration temperatures are reported for these phases in the literature [36] , however the sequence in which these phases dehydrate remains the same [35] . The gel phase present also dehydrates over a broad temperature range, partially overlapping with the dehydration of the CAH 10 , which further complicates the peak assignment [1] . The composition of this gel phase even in the unmodified CAC system is not fully understood, as it remains unclear whether this phase is a hydrated alumina gel (AH n ) [27, 37] or a calcium aluminium hydrate (C-A-H) type gel [35, 38, 39] .
Mass losses at higher temperatures are associated with the loss of structural water from the more thermodynamically favourable hydrates. Peaks for the dehydration of gibbsite [40] and C 3 AH 6 [39] , in the ranges 275-300°C and 300-315°C respectively, are observed in the data for the unmodified CAC. In the CAC sample cured for 180 days, weight losses corresponding to dehydration/decomposition of the hexagonal metastable phases are not identified, and instead the peaks corresponding to dehydration of AH 3 and C 3 AH 6 are considerably more intense compared with those observed in specimens cured for 7 days. This indicates that the conversion of CAH 10 and C 2 AH 8 is essentially complete after 180 days of curing, in agreement with the diffraction data discussed in section 3.1. The residual mass loss in the low temperature range (below 200°C) for the 180 day cured sample can be assigned to the alumina-rich gel phase produced as a byproduct of conversion, as discussed above. The thermograms for the phosphate-modified CAC samples (Figure 4 ), show considerably different behaviour from the unmodified CAC samples (Figure 3 ). These samples exhibit three main weight losses, at ~90, 230 and 280°C, with broad peaks in the derivative curves consistent with non-crystalline water environments [38] . This is in agreement with the XRD results ( Figure   2B ) which did not show the formation of any crystalline hydrates in phosphate-modified CAC.
Weight losses below 100°C generally indicate the dehydration of phases with loosely-bound water, and the evaporation of free water. In the case of the phosphate-modified CAC the largest weight loss, 90°C, may be attributed to the dehydration of the amorphous phase(s) forming in these systems, as indicated by the diffuse reflection in the XRD data ( Figure 2B ).
The weight loss at higher temperature (centred at ∼280°C) is assigned to dehydroxylation of poorly crystalline gibbsite (AH 3 ), as in the unmodified CAC sample. The broad temperature range over which this weight loss takes place suggests low crystallinity, which is why this phase was not detected by XRD. Regarding the intermediate temperature weight loss (centered at ∼230°C), Guirado et al. [38] identified that dehydration of CAH 10 occurs in several stages, including a mass loss at 225°C associated with the dehydration of the amorphous portion (denoted CAH y by those authors). It is possible that the mass loss observed in this temperature range in the phosphate-modified CAC may, analogously to that described by Guirado et al. [38] , result from an initially disordered aluminate phase. An extended curing period does not seem to affect the phase assemblage of the material according to either XRD or thermogravimetry, but
there is an increase in the intensity of the mass loss attributed to AH 3 between 7 and 180 days curing, and a significant increase in mass loss in the region assigned to the amorphous gel type phase between 180 and 360 days curing, in Figure 4 . 
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Solid-state NMR spectroscopy
3.3.1. 27 Al MAS NMR 27 Al MAS NMR spectra of anhydrous CAC clinker and hydrated samples are shown in Figure   5A . 27 Al MAS NMR spectra typically show three distinct aluminium coordination environments and -10 to 20 ppm, respectively [27, 29] . The spectrum of the anhydrous CAC clinker in Figure   5A is dominated by a large resonance at 78 ppm, due to the tetrahedral aluminium in the CA present in the clinker [28] , in addition to a very small response at 9 ppm indicative of the partial hydration of the materials during storage, consistent with the ~1% mass loss observed in the clinker by thermogravimetry, Figure 3 .
The hydrated CAC samples in Figure 5A show reduced resonances in the Al IV region as a result of the dissolution of clinker phases during hydration, and an increase in the Al VI 27 Al MAS NMR spectra. There is also a slight change in the lineshape in this region, particularly at 360 days, indicating that this band may not be attributed solely to Al environments present in the remaining unreacted CAC clinker, and may also include contributions from a secondary Al IV -containing phase forming in these systems.
The line shape and intensity of the two main bands identified in both the Al IV and Al VI regions of the spectra in Figure 5B seem to be similar after 7 days of curing; however, with increasing curing duration there is a small increase in the Al This resonance is largely attributed to the presence of the gibbsite identified by thermogravimetry (Figure 4 ), although contributions from C-A-H or C-A-P-H gel may not be discounted as these could also hold aluminium in octahedral co-ordination. The formation of such a gel is also supported by thermogravimetry (peak at 225°C in Figure 4 ), considering its very low degree of long range order. However the precise identification of this gel necessitates the use of the phosphorus nucleus as a structural probe, and also the application of more advanced NMR techniques, as discussed below. Cross polarisation (CP) NMR experiments are a powerful probe of interatomic correlations, bringing added dependence upon proximity between two specific nuclei [42] . Here, the application of 31 P{ 1 H} CP/MAS NMR provides the possibility to establish whether phosphate environments are related to hydrogen atoms, which is essential in accurately characterising the gel phase present in the phosphate-modified CAC binder. The MAS spectrum of the polyphosphate precursor, Figure 6A , shows three broad responses at 1, -7 and -20 ppm, attributed to Q 0 , Q 1 and Q 2 phosphate structural units respectively [43, 44] , and the CP/MAS spectrum, Figure In both sets of spectra (MAS and CP/MAS) for the hydration products of the phosphate-modified CAC, two broad main bands are identifiable at 1.1 (shoulder) and -4.1 ppm (main peak), indicating the presence of multiple relatively disordered hydrated phosphorus environments. The similar line shapes of the 31 P MAS and 31 P CP/MAS spectra indicate that all of the phosphorus environments in these samples are protonated to some extent, and thus the phosphorus environments are related to hydrate phases forming in these binders.
31 P MAS and 31 P{ 1 H} CP/MAS NMR
From the 31 P MAS NMR data alone, it is difficult to discern whether the resonances identified in these samples relate to calcium phosphate, aluminophosphate or C-A-P-H type phases. The resonance positions straddle the region for crystalline calcium phosphates [30, [45] [46] [47] and the downfield limit reported for crystalline aluminophosphates [48, 49] , which are generally minerals holding aluminium in octahedral coordination [50] , such as brazilianite (NaAl 3 (PO 4 ) 2 (OH) 4 .
Calcium aluminophosphates such as crandallite CaAl 3 (PO 4 ) 2 (OH) 5 Figure 6 (1.5 -2.0 ppm depending on the Na/P ratio) have been reported [52] for sodium phosphate glasses with assignment to Q 1 environments. In studies of Ca-free sodium aluminophosphate glasses, Zhang and Eckert [53] reported 31 P chemical shifts of ~1.6 and -4.6 ppm, which they also assigned to Q 1 units with 0 and 1 bonded aluminium units respectively, in agreement with the results of Lang et al. [54] .
The formation of aluminophosphate complexes as a result of phosphate interaction with aluminium oxides and hydroxides has been reported by a number of investigators [55] [56] [57] ;
particularly, corundum was reported [57] to form inner sphere surface complexes and surface precipitates with phosphates. The surface complexes resonate at far more negative chemical shifts, < -11 ppm, than the sites identified here, but the chemical shifts at which the resonances occur for the phosphate modified CAC samples lie within the region identified as characteristic for inner sphere surface complexes [57] . So, the presence of such environments within the materials studied here would be in good agreement with these data. Investigations by Van
Emmerik et al. [55] without the aluminium adiabatic dephasing pulse (see Figure 1 ) [58] . Signal intensities, S and S 0 , respectively, from these measurements are used to calculate the REAPDOR fraction: S = (S 0 -S)/S 0 ). REAPDOR experiments are very similar to the more common REDOR (rotational-echo double resonance) pulse schemes, but are more suitable to improve spin transitions of quadrupolar secondary nuclei [59] .
The REAPDOR fraction ∆S was plotted against the dipolar evolution time, as shown in Figure 7 .
Each dataset is fitted with a universal REAPDOR equation, Eq. 1, for spin-1/2 and spin-5/2 nuclei, following Goldbourt et al. [58] . The universal fitting curve is a function of , 
The fitting of the REAPDOR data collected for phosphate modified CACs, obtaining r values by fitting λ in Eq.(1), yielded Al-P internuclear distances of 3.0 and 3.6 Å for the -4.1 and 1.1 ppm peaks respectively. It is noted that the universal curve is specifically defined for an isolated spin pair, and hence is at best an approximation to the exact bond lengths for bidentate structures such as the Q 2 environment identified here, where multiple interactions complicate the dipolar coupling. On purely geometric grounds, the Al-P interaction distances identified here seem rather short, and the bidentate nature of some of the complexes may be the reason for this. There is also not a clear aluminophosphate resonance in the 27 Al MAS NMR spectra in Figure 5 . Nonetheless, it is clear that the -4.1 ppm peak corresponds to a shorter Al-P interaction distance than the 1.1 ppm peak. Figure 7 . Peak-resolved dephasing curves for 31 P/ 27 Al REAPDOR NMR analysis of the polyphosphate-modified CAC sample cured for 360 days
At longer evolution times, longer-range interactions can contribute to the dephasing, resulting in a poorer fit with Eq. 1, hence the dipolar evolution time was limited to 2.2 ms. As a result of a convoluted signal, where some contributions are from environments without aluminiumphosphorus interactions, even at greater evolution periods some residual response is present in the spectra despite the adiabatic dephasing pulse on the secondary channel, and hence the REAPDOR fractions do not reach unity. To account for this residual response, Eq. 1 was modified by an empirically fitted scaling factor. Investigations of the dipolar coupling between aluminium and phosphorus in the samples indicate a fair degree of intimacy between the two, as seen by the dephasing of the signal, and lead us to believe that previous explanations of the hydrate chemistry which did not consider alumino-phosphate phases do not describe this system fully. The resonant frequencies of the bands identified in the 31 P spectra, and the shielding effects of calcium and aluminium on chemical shift, suggest the possibility of a C-A-P-H phase with little long-range order. Due to the broad peak widths, the presence of a calcium orthophosphate as suggested by Sugama et al. [24] cannot be entirely discounted, but it appears much more likely that the majority of the phosphate sites in the disordered component are intimately intermixed with aluminate species rather than in a well-defined Al-free phosphate phase.
Compressive strength
The compressive strength development of the polyphosphate modified material, shown in Figure   8 , indicates strengths of up to 31 MPa within the first 48 hours of curing. This early strength development is characteristic of reactive CAC materials and is one of the reasons for the addition of CAC to OPC based clinkers to adjust the setting behaviour. The considerable differences in the kinetics of reaction between early age 4p samples and those at longer curing periods, as seen in thermogravimetric data (section 3.2) and their respective NMR spectra (section 3.3), correlate well with the compressive strength data for these systems. The high initial strength of the phosphate-modified CAC is maintained; however, at seven days of hydration this seems to increase rapidly, followed by a steady increase continuing at least until 360 days, where a value of 73 MPa is noted. This is in contrast to a similar high initial strength after 48 hours for the unmodified CAC which then rises to 58 MPa at 4 days, even though a larger fraction of CAC seem to be reacting at a given time of curing in this unmodified system.
In the unmodified CAC, the initial maximum in strength after 7 days of curing, with a fall in compressive strength thereafter, is attributed to the conversion process, whereby the dissolution of metastable phases and the precipitation of denser stable phases result in a considerable increase in the porosity of the material, reducing the mechanical integrity of the material. This supports the clear differences seen in the earlier characterisation of the CAC samples, between the samples cured for 7 days and those cured for 180 days. is attributed to the use of higher water/cement and phosphate/cement ratios in the present study, compared with those utilised by Swift et al. [8] , which will significantly affect key parameters controlling the compressive strength development, such as degree of reaction and porosity of the system. The higher compressive strength developed by the phosphate modified CAC elucidates that, even though reduced degrees of CAC reaction might take place at a given age, the fact that the phosphate addition hinders the conversion process, along with the formation of a poorly crystalline secondary reaction product, has a positive effect in the long term mechanical performance of these materials.
Conclusions
The phosphate modification of calcium aluminate cement results in a significant deviation away from the conventional hydration behaviour of calcium aluminate cement. None of the conventional crystalline calcium aluminate hydrates were detected in phosphate-modified samples, either by XRD or by thermal analysis, during a curing period of one year. The alteration of the hydration pathway away from conventional crystalline phase precipitation, achieved through phosphate modification, has thus been shown to be effective in avoiding the calcium aluminate hydrate conversion process, at least for the curing periods studied.
The understanding of the hydration mechanism and phase assemblage of phosphate modified CAC is challenging due to the difficulty in characterising the very poorly crystalline hydrates forming. The weight loss identified by thermogravimetry below 200°C is difficult to resolve, however it is likely that in the absence of any conventional crystalline hydrates precipitating, a calcium aluminate hydrate-based gel is forming in addition to the poorly crystalline gibbsite detected by the same method. The formation of phosphate complexes at phosphate-aluminium hydroxide interfaces is well established in the literature, and therefore, it is possible that a similar mechanism is resulting in the formation of phosphate complexes at the interface with the amorphous gibbsite.
The phosphate-modified CAC systems are also seen by REAPDOR NMR to contain considerable dipolar interactions between the aluminium and phosphorus, supporting the identification of phases with these elements intimately intermixed. The 31 P MAS NMR spectra are consistent with the presence of calcium within these phases, and CP/MAS NMR shows that they are hydrous, resulting in the final identification of a disordered C-A-P-H type gel as being an important phase within these binders. These complex gels would be the primary reason for the deviation from conventional hydrate phase formation, and also the prevention of further hydration of the unreacted clinker particles at extended times of curing.
